The growth of high-quality thick InN films is challenging because of the lack of native substrates. In this work, we demonstrate the use of a linearly graded InGaN buffer layer for the growth of InN films on GaN substrates. A 500 nm InN film with <0.1 nm RMS roughness is obtained with a peak mobility of 1410 cm 2 /(V&s) at 300 K. A strong room temperature photoluminescence showing a bandgap of 0.65 eV with 79 meV linewidth is observed. A graded InGaN buffer is found to lead to extremely smooth and high-quality InN films.
Introduction
There is significant interest in InN because of the small bandgap and effective mass. [1] [2] [3] [4] [5] [6] Room-temperature electron mobilities in the range of 14,000 cm 2 =(V·s) and a high saturation velocity of 5 × 10 7 cm=s are expected in pristine InN. [7] [8] [9] These properties can make it attractive for highspeed electronic applications and infrared optical devices. [10] [11] [12] [13] Many reports have been published on the highquality crystal growth of InN using metal organic CVD (MOCVD) and MBE. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] MBE is preferred over MOCVD because of the low dissociation temperature (∼500°C) of InN. 16, 25) Owing to the lack of native substrates, InN is typically grown on GaN 17, 26, 27) with a 11% lattice mismatch, resulting in dislocation densities (DDs) of ∼5 × 10 11 cm −2 .
17)
Electron scattering from these dislocations plays a dominant role in the measured low mobility of ∼1000 cm 2 =(V·s) 17) for InN films of <1 µm, compared with theoretical limits. By growing 5-µm-thick InN films, DD was reduced and a record mobility of ∼3200 cm 2 =(V·s) was achieved. 27) A common approach to reducing DD on foreign substrates is to use a buffer layer. Different buffer layers such as low-temperature (LT) GaN, 28) AlN, 15) and LT InN 29) have been experimentally investigated. Yet there is room for improving the crystal quality, surface smoothness, and measured mobility of thick InN films with buffer layers.
In this work, we experimentally demonstrate a new buffer layer approach to growing thick (500 nm) InN films on GaN substrates. A linearly graded Ga x In 1−x N (x: 1 → 0) layer is inserted between epitaxial InN and GaN to accommodate the 11% lattice mismatch. The crystal quality was characterized by high-resolution X-ray diffraction (HR-XRD) analysis and transmission electron microscopy (TEM). Optical properties were investigated with photoluminescence (PL). Surface properties were studied using atomic force microscopy (AFM) and the electronic transport properties were analyzed using Hall measurements. A control sample was grown with an LT InN buffer layer 29) and used to compare the electronic and optical properties with the new graded (GR) buffer approach.
Experimental methods
A nitrogen-plasma-assisted Veeco Gen-930 MBE system was used for all growth processes reported here. The structures were grown on semi-insulating GaN templates on SiC. A 3-in. wafer was diced into 1 × 1 cm 2 pieces, mounted on a Si wafer using indium, and solvent-cleaned to remove surface contaminants before loading into the MBE entry chamber. Two sets of bakes were performed at 200°C (7 h) and 450°C (1.5 h) in the entry and buffer chamber respectively. The samples were then transferred into the growth chamber loaded with Ga and In effusion cells, and a N 2 plasma source. A plasma power of 400 W was used for all growth processes corresponding to a growth rate of ∼300 nm=h. The chamber pressure was maintained at ∼2.1 × 10 −5 Torr during all growths by providing a constant N 2 flow of 0.9 sccm. Since the InN surface temperature is extremely important 26) for the good control of growth, a pyrometer was used to measure the surface temperature in addition to the thermocouple temperature. Thermocouple readings are reported here unless mentioned otherwise. A 10 rpm rotation was used during the growth, and in-situ reflection high energy electron diffraction (RHEED) was used to monitor the surface growth conditions. After growth, the mounting indium metal on the back side of the samples, as well as any excess indium droplets on the surface was removed by treatment with HCl for 20 min before further measurements.
Two sets of samples were grown and investigated in this work: both samples had ∼500 nm InN films on top, but for one a LT InN buffer was used, and a linearly graded GaInN buffer was used for the other. As shown in the schematic in Fig. 1 , a 50-nm-thick GaN layer was first grown on the GaN template. Then, a ∼80 nm buffer layer was used for both samples, followed by a 500-nm-thick InN film. To ensure a smooth surface, a metal-rich growth condition was maintained throughout. For the LT InN buffer samples, after growing GaN, the substrate was cooled down to 350°C to grow the InN layer. This 350°C thermocouple temperature corresponded to the ∼420°C pyrometer temperature. After the 80 nm LT InN buffer growth, the substrate temperature was increased to 375°C (∼460°C pyrometer temperature) to deposit a thick InN film. On the other hand, for the graded GaInN buffer samples as shown in Fig. 1(b) , after growing 50 nm GaN, a linearly graded Ga x In 1−x N (x: 1 → 0) layer was grown. The substrate temperature was linearly reduced from 600 to 375°C for this layer. To change the composition of the GaInN buffer linearly with position, a computer program was used to control the indium and gallium cell temperatures and the corresponding fluxes. This is shown in the growth diagram of Fig. 1(b) .
As discussed in several reports, 26) the surface morphology is very sensitive to the In=N ratio. InN is sensitive to exposure to nitrogen plasma at the growth temperature. 26) When grown under N 2 -rich conditions, the surface becomes rough, manifested by spotty RHEED patterns. Metal-rich growth conditions lead to the accumulation of a significant amount of indium on the growth surface. Thus, before proceeding with the two buffer layer experiments, a careful study was performed to optimize the In=N ratio for the growth of the thick InN film to keep the surface smooth, and to simultaneously maintain a low level of excess indium on the surface. For this set of study, eight samples were grown with a 400-nm-thick InN film using a LT InN buffer [ Fig. 1 (a)] with varying indium flux over a beam equivalent pressure (BEP) range of (1-3) × 10 −7 Torr. The RHEED was monitored during growth. As shown in Fig. 2 , with the indium cell being maintained at 860-880°C [indium flux of (1-2) × 10 −7 Torr] the RHEED was spotty, suggesting a rough surface. As the In cell temperature was increased to 895°C, the RHEED turned spotty-streaky, indicating the smoothening of the surface. At even higher In cell temperatures, a metal-rich growth regime was attained at 902°C with an In flux of ∼3 × 10 −7 Torr. The metal-rich condition was manifested by a streaky-diffused RHEED pattern. The RMS roughness measured by AFM revealed a general trend and a one-to-one correlation among the In=N ratio, RHEED pattern streakiness, and surface roughness. The sample grown with the highest indium cell temperature of 902°C showed the smallest roughness of ∼1 nm over a 2 × 2 µm 2 area. On the basis of this study of indium flux, the two samples shown in Fig. 1 were grown under metal-rich InN growth conditions for the topmost thick InN layer. In the following sections, the best representative data are presented over several growth processes. Figure 3 shows the RHEED streaks after growth and the corresponding AFM images of the two samples. The slightly diffused RHEED streaks suggested some residual indium on the surface. This was confirmed by optical microscopy images after taking the samples out of the growth chamber. For the LT buffer sample [ Fig. 3(a) ], an ∼0.98 nm RMS roughness over a 2 × 2 µm 2 area was measured, reducing to ∼0.274 nm for a 1 × 1 µm 2 area scan. For the graded buffer sample, the InN surface was extremely smooth for both large and small area scans. Over a 2 × 2 µm 2 area, the RMS roughness was 0.18 nm and, for a 0.5 × 0.5 µm 2 area scan, it was 0.08 nm. Such smooth InN surfaces were not observed for any of the growth processes using the LT buffer layer.
Results and discussion
The structural quality of the InN films was analyzed by HR-XRD measurements. The (002) ω-2θ triple axis scans for the buffer samples are shown in Fig. 4(a) . Strong peaks from SiC, GaN, and InN are seen. For the GR buffer sample, the graded InGaN layer between GaN and InN peaks is evident. The background XRD intensity is shown with a horizontal dotted line that corresponds to the absence of measurable signals from the samples. The measured intensity between the strong InN and GaN peaks reaches this background level for the LT buffer sample. For the GR buffer sample, the presence of the graded layer is manifested by the increased signal intensity compared with the background level between the InN and GaN peaks. A relatively higher intensity of around 16.5°suggests deviation from the ideal linear grading probably due to the phase segregation of InGaN. This linearly graded composition was further confirmed by energy dispersive X-ray (EDX) spectral scan in TEM (Fig. 5) . The amount of strain can be extracted from the (002) triple axis data. As shown in Fig. 4(a) , the horizontal separation of the peak positions for the InN films suggests the difference in strain among the two samples. To quantify the in-plane and out-of plane strain components, the reciprocal-space maps (RSMs) measured for both samples are shown in Fig. 6 . For 29, 30) Similarly for the GR buffer, the in-plane strain was −0.08%, and the out-of plane strain was +0.3%, meaning that InN film was partially compressively strained on top of the GR buffer. The difference in the amount of strain is prominent in the change in the c-parameter for the two samples and this agrees with the observation in Fig. 4(a) . Similar tensile and compressive strains in the thick InN films have been reported and correlated to the nucleation of the InN films.
31) It was concluded that a N 2 -rich three-dimensional (3D) nucleation of the InN films induces tensile strain even for a thickness >5 µm for the top InN film and eventually produces cracks. The nucleation of the LT buffer sample falls into this category of N 2 -rich 3D nucleation [ Fig. 1(a) ]. On the contrary, as long as the 2D nucleation and growth of the layer are maintained, which is the case for the GR buffer, compressive strain can be accommodated in the thick InN films. This suggests that the total misfit DD can be lower for the GR layer sample than for the LT buffer. Figures 4(b) and 4(c) show the comparison of symmetric=asymmetric rocking curves between LT and GR buffer samples. The symmetric (asymmetric) FWHM of the rocking curve gives information about the screw (edge) component of the threading dislocations. By comparing the two buffer schemes, we see that the GR buffer has slightly less screw components but slightly more edge components than the LT buffer. These FWHM values of ∼0.27°(∼0.5°) for the symmetric (asymmetric) rocking curve measurements are significantly less than those mentioned in Ref. 32 with LT InN buffer, suggesting an improved InN crystal quality. The optical properties of the InN films were analyzed using PL experiments with a 1310 nm laser excitation. Strong 300 K PL signals were measured for both samples. As shown in Fig. 7 , 1892 nm (0.655 eV) and 1886 nm (0.657 eV) dominant peaks were observed for the LT InN and GR buffer samples respectively. The FWHM linewidth was narrow and less than 0.1 eV. The observation of PL at room temperature with relatively narrow linewidth suggests the high crystalline quality of the grown InN films. The slightly blue-shifted PL peak for the GR buffer is attributed to the difference in strain on the thick InN films between the samples, which is in agreement with the RSM-based stain measurements. Also the linewidth was smaller for the GR buffer by 5 meV.
To study the electronic transport properties of the grown films, Hall-effect measurement was performed at 300 and 77 K. A drive current of 1 mA was used to measure the Hall data. The measured sheet resistance was ∼55 Ω=sq for both samples. A mobility of 1700 (1810) cm 2 =(V·s) was measured for the LT buffer at 300 K (77 K). For the GR buffer, the mobility was 1410 (1980) cm 2 =(V·s). Significant improvement of the mobility (40%) at 77 K for the GR buffer indicates that the transport in the InN layer is superior to that in the graded InGaN layer. On the other hand, for the LT buffer, the temperature dependence of the mobility is small (∼7%). The sheet charge concentration is of the n type and is determined to be 6.6 × 10 13 and 8.1 × 10 13 cm −2 for the LT and GR buffer samples, respectively. If the surface accumulation of electrons 33) is ignored, these values correspond to bulk doping densities of 1.29 × 10 18 and 1.42 × 10 18 cm −3 , respectively. Finally, TEM analysis was performed on the samples. Figure 8(a) shows the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the LT buffer sample. The surface terminates with many "V" defects as seen typically in such growth. 34) The nucleation on the GaN substrate is shown in a zoomed HRTEM image. It was observed that the InN nucleation was very defective owing to a large lattice mismatch (∼11%). The total DD near the top of the surface was ∼1 × 10 11 cm −2 . For the GR buffer sample, Fig. 8(b) shows that the surface was very smooth on the top, which validates what was observed in AFM images. The nucleation layer was very defective in the graded InGaN layer. The total dislocation densities of the buffer layers were similar near the top InN surface. Each of the TD components of the LT and GR buffer samples was estimated from HRTEM images by proper alignment with g vectors. The edge and screw component densities of dislocations for the LT buffer sample were 5 × 10 10 and 6 × 10 9 cm −2 . For the GR buffer sample, they were measured to be 1.13 × 10 11 and 4 × 10 9 cm −2 respectively. These measurements agree with the trend observed by XRD ω rocking curve analysis. The Hall mobility temperature dependence is likely related to the presence of >2× edge components of TDs for the graded buffer sample. Edge TDs are typically charged and cause strong electron scattering. Electron scattering from charged dislocations in the InN film acts as the dominant factor limiting the mobility over the 10-300 K window.
17) The second dominant limiting factor is the presence of ionized impurities. Near the higher end of this temperature window especially around 300 K, optical phonon-assisted scattering further limits the mobility. The low-temperature mobility is determined primarily by charged dislocation scattering. The ∼40% increase of the 77 K mobility for the GR buffer can be due to a lower charged dislocation scattering than that for the LT buffer. However, a quantitative analysis and more measurements are necessary to support this claim. A quantitative analysis needs to take into account the fact that there are several layers of carriers with different mobilities: very low mobility electrons at the GaN=InN or graded InGaN layer, and increased mobility electrons towards the surface. Such carefully designed measurements will be performed in the future.
Conclusions
A linearly graded InGaN buffer layer was investigated for the growth of thick InN films on GaN. 500-nm-thick InN films were grown with high crystal quality and very smooth surface morphologies. The structural, electronic, and optical properties of the grown InN films on this proposed buffer layer were compared with those of conventional lowtemperature InN buffer schemes. The comparative study showed that with similar defect densities and Hall mobilities, the new proposed buffer scheme can lead to a very smooth surface finish without any V defects. By growing thicker InN films (>2 µm), the mobility can be further improved by the annihilation of threading edge dislocations while maintaining a smooth surface that is essential for various devices.
